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MEMORANDUM FOR FILE 

A c t i v i t i e s  conducted by numerous o rgan iza t ions  over  
a one-year p e r i o d  fo l lowing  t h e  f a i l u r e  of the Apollo 13 oxygen 
s t o r a g e  system inc luded  t h e  redesign of t h e  cryogenic  oxygen 
s t o r a g e  system, mod i f i ca t ion  of t h e  hardware, t h e o r e t i c a l  and 
experimental  p r e d i c t i o n  of performance, and p o s t - f l i g h t  evalua-  
t i o n .  
summarized a t  an MSC Symposium'') and an APO Wednesday Morning 
Meeting . 

The p r i n c i p a l  r e s u l t s  of  such e f f o r t s  w e r e  r e c e n t l y  

(2) 

I .  Hardware Development 

t i o n  f ans  and motors, t h e  s p l i t t i n g  of t h e  heater i n t o  t h r e e  
elements  t o  provide f u l l ,  two-thirds ,  o r  m e - t h i r d  p ~ w e r  axd t h e  
i n s t a l l a t i o n  of an a d d i t i o n a l  oxygen tank on Apollo 1 4 .  
temperature  senso r  w a s  added to  provide f o r  d i rec t  monitor ing 
of h e a t e r  temperature .  
i n g  changes. 

The basic changes were t h e  e l i m i n a t i o n  of d e s t r a t i f i c a -  

A 

There w e r e  a l s o  some plumbing and s i g n a l -  

Noteworthy e f f o r t s  by Beech A i r c r a f t  w e r e  t h e  
c o n s t r u c t i o n  of t h e  new sheated wi r ing ,  new techniques of 
b r a z i n g  and t h e  var ious  acce le ra t ed  q u a l i f i c a t i o n  tests.  

11. S t r a t i f i c a t i o n  Analysis  

Among t h e  e f f o r t s  t o  e x p l a i n  and p r e d i c t  s t r a t i f i c a t i o n ,  
B e l l c o m m  genera ted  a two-fluid s t r a t i f i c a t i o n  model ( u s e f u l  i n  
ana lyz ing  p r e s s u r e  c o l l a p s e  a t  h igh  oxygen q u a n t i t i e s )  and a 
conduc t ive - rad ia t ive  model (usefu l  i n  ana lyz ing  heater tempera ture  
l i m i t s  a t  l o w  oxygen q u a n t i t i e s ) .  
data, t h e  s t r a t i f i c a t i o n  model p r e d i c t s  t h a t  only 1% of t h e  t o t a l  
f l u i d  i n t e r a c t s  w i t h  t h e  hea te r  du r ing  t h e  r e p r e s s u r i z a t i o n  
pe r iod .  
sp reads  by conduction and convection t o  t h e  remaining bulk  f l u i d .  

Based on Apollo 1 4  p r e s s u r e  

Following heater d e a c t i v a t i o n  t h e  thermal energy g r a d u a l l y  
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The conduct ive- rad ia t ive  model p r e d i c t s  heater temperatures  
i n  t h e  t o t a l  absence of convection, a l i m i t i n g  case. The 
l a t t e r  p r e d i c t i o n s  are i n  reasonable  agreement w i t h  f l i g h t  
d a t a  f o r  t h e  very l o w  g r a v i t y  a t t i t u d e - h o l d  cond i t ions .  

The Nat iona l  Bureau of Standards provided s e r v i c e s  
t o  va r ious  i n v e s t i g a t o r s  through assemblying and d i s semina t ing  
thermophysical p rope r ty  d a t a  i n  t h e  form of char ts ,  tables 
and/or computer t apes .  

The Boeing Co. performed ana lyses  us ing  
C.  I(. F o r e s t e r i s  two-dimensionai modei d e a i i n g  wi tn  t n e  
simultaneous s o l u t i o n  of  t h e  time-dependent conserva t ion  of  
mass, energy and momentum equat ions .  P r e d i c t i o n s  of tempera- 
t u r e  and p res su re  v a r i a t i o n  with t i m e  under va r ious  Ilg" loads  
agreed f a i r l y  w e l l  wi th  f l i g h t  d a t a  from Apollos 1 2  and 1 4 .  
B u t ,  i t  was found t h a t  the  choice of e f f e c t i v e  h e a t e r  s u r f a c e  
area had a s i g n i f i c a n t  e f f e c t  on t h e  accuracy of t h e  correla- 
t i o n .  U s e  w a s  a l s o  made o f  the  empi r i ca l  Rayleigh h e a t  
t r a n s f e r  equat ion  i n  p r e d i c t i n g  h e a t e r  temperature  w i t h i n  
2 2 %  accuracy. 

The TRW Systems Group numerical ly  solved t h e  
compressible Navier-Stokes equat ions i n  t w o  dimensions. 
approach w a s  found t o  consume excess ive  computer t i m e .  I t  
p r e d i c t e d  t h e  magnitude of pressure  decay f a i r l y  a c c u r a t e l y ,  
b u t  t h e  decay ra te  p r e d i c t i o n  w a s  70% slower than  shown by 
f l i g h t  data.  
increase i n t o  c o n s i d e r a t i o n  produced 40% d i f f e r e n c e  i n  the 
p r e s s u r e  r ise  ra te .  

T h i s  

The e f fec t  of  t ak ing  tank s t re tch w i t h  p re s su re  

T h e  NASA (Ames) team determined t h e  use fu lness  of  
i n c r e a s i n g  t h e  r a t e  and/or r eve r s ing  t h e  d i r e c t i o n  o f  space- 
c r a f t  r o t a t i o n  as means of a l l e v i a t i n g  s t r a t i f i c a t i o n .  T h i s  
technique w a s  found t o  be capable of reducing  t h e  p r e s s u r e  
build-up due t o  s t r a t i f i c a t i o n  by 5 0 % .  
t o  compare t h e  r e s u l t s  of t h i s  a n a l y s i s  w i t h  f l i g h t  data.  

No.at tempt  w a s  made 

The NASA (Langley) team genera ted  a one-dimensional 
model w i t h  c y l i n d r i c a l  geometry, under p e r f e c t  zero-g condi- 
t i o n s .  T h i s  i n v e s t i g a t i o n  r e s u l t e d  i n  p l o t s  of  h e a t e r  
temperature  and p r e s s u r e  versus  t i m e  f o r  oxygen q u a n t i t i e s  
ranging  between 9 5 %  and 1 2 %  i n  a d d i t i o n  t o  p l o t s  of tempera- 
t u r e  and d e n s i t y  p r o f i l e s  w i th in  t h e  tank.  These p r e d i c t i o n s  
w e r e  i n  good agreement wi th  Apollo 1 4  f l i g h t  d a t a  under 
a t t i t u d e - h o l d  cond i t ions .  However, f o r  PTC r o t a t i o n  modes, 
t h e  model over -predic ted  b o t h  t h e  heater temperature  and t h e  
h e a t e r  cyc le  t i m e .  
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North American Rockwell developed a semi-empirical  
des ign-or ien ted  model which s p l i t  t h e  f l u i d  i n t o  t h r e e  ce l l s ,  
t w o  i n t e r a c t i n g  wi th  t h e  h e a t e r  i n t e r n a l l y  and e x t e r n a l l y ,  
and t h e  t h i r d  encompassing the  remaining bulk f l u i d .  
of h e a t  t r a n s f e r  considered were a combination of laminar  
f r e e  convect ion a t  low-g, r a d i a t i o n ,  and conduction. A 
unique approach w a s  t o  inco rpora t e  f l u i d  p r o p e r t i e s  a t  a 
r e fe rence  temperature  which w a s  e m p i r i c a l l y  determined as a 
func t ion  of d e n s i t y  on t h e  b a s i s  of f l i g h t  d a t a  of Apollo 1 4 .  
The whole procedure i s  aimed a t  p r e d i c t i n g  t h e  tank  p r e s s u r e  
and heater temperature  as a func t ion  of f l i g h t  t i m e ,  h e a t e r  
duty-cycle and a c c e l e r a t i o n  l e v e l .  Comparison of  t h i s  model 's  
p r e d i c t i o n s  wi th  f l i g h t  d a t a  of Apollo 1 4  i n d i c a t e s  reasonable  
agreement. 

Modes 

111. Systems Models 

TRW Systems Group p r e d i c t e d  t h e  responses  of the 
Apollo Cryogenic Sys t e m  w i t h  t w o  s e p a r a t e ,  coupled models : 

A model of t h e  connecting l i n e s  and f i t t i n g s  w a s  
e s t a b l i s h e d  t o  p r e d i c t  t h e  a c t u a l  flow rate from each tank  
t o  t h e  s e p a r a t e  branches o f  t h e  supply system. 
t u r e  and p r e s s u r e  of  t h e  tanks and t h e  demands of t h e  s e p a r a t e  
systems w e r e  t h e  r equ i r ed  inputs .  

A model o f  t h e  tanks which r e q u i r e s  as i n p u t s  t h e  
f l o w  rate of  each tank  and thermal cond i t ions  p r e d i c t s  tank  
p res su re .  The program a l s o  inco rpora t e s  stratification 
p r e d i c t i o n s .  The Nat iona l  Bureau of  Standards w a s  t h e  source  
of t h e  equat ion  of s ta te  and da t a  f o r  t h e  other  thermophysical 
p r o p e r t i e s .  The e f f e c t s  o f  heater,  i s o l a t i o n  v a l v e ,  o r  o ther  
f a i l u r e s  can be s imula ted ,  as  w e l l  as e f f e c t s  of s t r a t i f i c a t i o n .  
T h e  program r e q u i r e s  i n e r t i a l  cond i t ions  t h a t  have no t  been 
completely computed. However, such computations are i n  work 
and w e  are t o l d  t o  expec t  f i n a l  r e s u l t s  soon. T h i s  model, 
cons t ruc t ed  f o r  both t h e  CSM oxygen and hydrogen t a n k s ,  i s  
t h e  m o s t  comprehensive. 

The tempera- 

The  Mission Planning and Analysis  Div is ion  of MSC 
developed w i t h  Lockheed E lec t ron ic s  of Houston a pre-mission 
p lanning  and a n a l y s i s  method, which w a s  l a t e r  extended and 
en larged  so t h a t  it can do both rea l  t i m e  and p o s t - f l i g h t  
a n a l y s i s .  
between t h e  ECS and EPS systems from t h e  s e p a r a t e  t anks .  
Vent t h r u s t  i s  computed a s  a func t ion  of  t h e  p r e s s u r e  change 
and t h e  mass f l o w  demand o f  t h e  supply system. 
p r e s s u r e ,  and d e n s i t y  are computed by use  of Nat iona l  Bureau 

T h i s  program can compute t h e  oxygen f l o w  s h a r i n g  

The tempera ture ,  
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of Standards d a t a .  
thermal  model. A s  o u t p u t s ,  the  p r e s s u r e  and temperature  
p r o f i l e s  are p red ic t ed .  The program could be adapted t o  
s i m i l a r  problems of t h e  space s h u t t l e .  

The h e a t  l e a k  i s  computed wi th  a simple 

I t  is  obvious t h a t  t h e  above t w o  e f f e c t s  are q u i t e  
s imi la r  i n  form con ten t  and r e s u l t s .  This conscious dupl ica-  
t i o n  w a s  used by NASA t o  support  t h e  a n a l y s i s ,  r edes ign  and 
mission p lanning  f o r  t h e  cryogenic oxygen system. This  
d u p l i c a t i o n  w a s  u s e f u l  because confidence w a s  e s t a b l i s h e d  
i n  the p r e d i c t e d  performance of Apollo 14. 
accomplish des ign  and development work i n  a s h o r t  pe r iod  o f  
t i m e  wi thout  s u f f i c i e n t  experimental  ma tu r i ty  w a s  c l e a r l y  
sensed.  The confidence generated by redundant programs w a s  
t h u s  very important  i n  the  planning and success  of t h e  mission. 

The n e c e s s i t y  t o  
’ 

I V .  T e s t  Programs 

Lands and R i e d  of MSC performed a s tudy  on t h e  
s imula t ion  of thermal  mixing by t h e  i n j e c t i o n  of dye i n  a 
f u l l  scale p l e x i g l a s s  model of t h e  oxygen tank  and photo- 
graphing i t s  d i f f u s i o n  rates and p a t t e r n s .  
t o  use  a , d y e  wi th  t h e  same s p e c i f i c  g r a v i t y  as t h e  t es t  
f l u i d  t o  avoid any 1-G d i s t o r t i o n s  and t o  have t h e  dye i n j e c t e d  
a t  such a s m a l l  v e l o c i t y  a s  to minimize t h e  i n e r t i a l  e f f e c t s .  

Care w a s  t aken  

The analogy of dye d i f f u s i o n  t o  conduction r e q u i r e s  
a measurement of t h e  concent ra t ion  g r a d i e n t s  as a func t ion  of 
t i m e .  This  measurement was not attempted. Iiowever, t h e r e  
w a s  some a t tempt  t o  s tudy  t h e  p e r s i s t e n c e  of  f l u i d  motion by 
observ ing  the  r e l a t i v e  movement of t h e  dye. There are no 
f l i g h t  obse rva t ions  t h a t  c l e a r l y  suppor t  t h e  r e s u l t s  of t h o s e  
experiments .  T h e i r  use of Reynolds number t o  scale t h e  tank  
v e l o c i t y  may be an o v e r s i m p l i f i c a t i o n .  

The  Materials Technology Branch of MSC supported 
t h e  a n a l y s i s  of t h e  Apollo 13 f i r e  and t h e  r edes ign  f o r  t h e  
Apollo 14, wi th  a comprehensive t e s t i n g  program. 
w e r e  developed i n  connection with t h e  a c c i d e n t  i n v e s t i g a t i o n s  
and f o r  t e s t i n g  t h e  new heater w i r e s .  Various methods of 
p a r t i a l l y  damaging the  w i r e s  and t r y i n g  t o  s imula t e  high 
v o l t a g e  t r a n s i e n t s  i n  o r d e r  t o  get  i g n i t i o n  and spark  w e r e  
used. 

Procedures 
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I n  a d d i t i o n ,  t h e r e  was a t e s t  of  t h e  e x t e r n a l  
oxygen c i r c u l a t i o n  loop t h a t  was one p o s s i b l e  design a l t e r n a -  
t i v e  t o  t h e  oxygen tank fans .  The f e a s i b i l i t y  of an e x t e r n a l  
c i r c u l a t i o n  loop w a s  demonstrated s u c c e s s f u l l y .  

p r e s s u r e  and 2 0 %  remaining, down t o  150 p s i  and %3% remaining, 
w a s  performed wi th  no o p e r a t i o n a l  d i f f i c u l t i e s .  

A 1 - G  "blowdown" of t h e  system s t a r t i n g  from f u l l  

V. F l i g h t  Performance 

Iiobert R i c e  of i G C  Propuls ion  and Power Div is ion  
coord ina ted  t h e  Task Team e f f o r t .  H e  r e c e n t l y  poin ted  o u t  
t h a t  t h e  unique cond i t ions  of t h e  redes ign  of t h e  Apollo 1 4  
CSM oxygen system requ i r ed  an unprecedented dependence upon 
a n a l y s i s .  The r edes ign ,  i n i t i a t e d  as t h e  response t o  t h e  
Apollo 13 i n c i d e n t ,  had t o  be accomplished and v e r i f i e d ,  and 
t h e  hardware i n s t a l l e d  and operated w i t h i n  a very s h o r t  
pe r iod  o f  t i m e .  A l l  t h e  people c o n t r i b u t i n g  t o  the  a n a l y s i s  
m e t  p e r i o d i c a l l y  t o  p r e s e n t  t h e i r  r e s u l t s  and t o  speed t h e  
i n t e g r a t i o n  of t h e i r  e f f o r t  t o  hardware and o p e r a t i o n a l  
dec i s ions .  The t h r e e  r e s u l t s  of  team e f f o r t  were: t h e  
e v o l u t i o n ,  of  a system i n  t i m e  f o r  i n s t a l l a t i o n  and f l i g h t ,  
t h e  e s t ab l i shmen t  of confidence i n  t h e  o p e r a t i o n a l  v i r t u e s  
of  such a system and f i n a l l y  t h e  t r a i n i n g  of t h e  f l i g h t  sup- 
p o r t  team for  real  t i m e  mission backup. 

The problem of high h e a t e r  tempera ture ,  which w a s  
a n t i c i p a t e d  because of t h e  removal of t h e  tank  fans, was 
complicated by movement of the heater senso r  t o  a h o t t e r  s p o t  
than o r i g i n a l l y  planned. 

There w a s  also some e a r l y  apprehension t h a t  t h e  
u n c i r c u l a t e d  oxygen would experience s t r a t i f i c a t i o n  and then  
sudden des t ra t i f ica t ion .  The Apollo 1 4  f l i g h t  showed t h a t  
t h i s  occurrence does n o t  i n t e r f e r e  wi th  t h e  func t ion ing  of  
the  tank.  

From a t e c h n i c a l  p o i n t  of view, t h e  p o s t  f l i g h t  
a n a l y s i s  showed t h a t  t h e  Apollo 1 4  system w a s  r e l a t i v e l y  
i n s e n s i t i v e  t o  a s i n g l e  check va lve  f a i l u r e ,  t h a t  t h e  
observed heater temperature was a very s e n s i t i v e  func t ion  of 
t h e  senso r  l o c a t i o n  on t h e  h e a t e r  and t h a t  t h e  system w a s  
capable  of suppor t ing  high flow rates. I t  w a s  also shown 
t h a t  t h e  q u a n t i t i e s  based on tempera ture ,  p re s su re  and equa- 
t i o n  of s t a t e  w e r e  no t  s i g n i f i c a n t l y  d i f f e r e n t  from t h o s e  
i n d i c a t e d  by t h e  capac i ty  probe. 
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The a n a l y s i s  team, which included Bellcomm,'reported 
d i r e c t l y  t o  the  ASP0 manager. 

Reference (l), containing  the f u l l  t e x t  of a l l  papers 
presented a t  the  recent  Symposium, i s  a v a i l a b l e  by contac t ing  
the  writers. 

2031-AsH SSF- jf 

Attachment 
References 

A. S .  Haron 
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